Abstract-This paper introduces a theoretical investigation of active vehicle suspension system using sliding mode control (SMC) algorithm to enhance the ride comfort and vehicle stability under parameters uncertainty. SMC algorithm is a nonlinear control technique that regulates the dynamics of linear and nonlinear systems using a discontinuous control signal. The proposed control algorithm forces the suspension system to follow the behavior of the ideal sky-hook system behavior. A mathematical model and the equations of motion of the quarter active vehicle suspension system are considered and simulated using Matlab/Simulink software. The proposed active suspension is compared with the passive suspension systems. Suspension performance is evaluated in both time and frequency domains, in order to verify the success of the proposed control technique. Also, uncertainty analysis due to the increased of sprung mass and depreciated of spring stiffness and damping coefficient is also investigated in this paper. The simulated results reveal that the proposed controller using SMC grants a significant enhancement of ride comfort and vehicle stability even in the existence of parameters uncertainty.  Index Terms-active vehicle suspension, sliding mode control, vibration control.
I. INTRODUCTION
The development of good quality control techniques for vehicle active and semi-active suspension systems is a main issue for the automotive industry. A good quality suspension system should enhance the ride comfort and vehicle stability. To improve ride comfort, it should minimize the vertical body acceleration of the vehicle due to the unwanted disturbances of the road surface. In terms of vehicle stability, however, it should offer a sufficient tyre-terrain contact and minimize the dynamic deflection of the tyre. Therefore, good quality suspension systems are difficult to obtain because they involve a trade-off between ride comfort and vehicle stability [1] .
There are three major classifications of suspension systems: passive, active, and semi-active [2] . Passive suspensions using oil dampers are simple, reliable and cheap. However, performance drawbacks are inevitable. Active and semi-active have control algorithms which force the suspension system to achieve the behavior of some optimized and reference systems. Active suspensions use electro-hydraulic actuators which can be commanded directly to generate a desired control force. Semi-active suspensions employ semi-active damper whose force is commanded indirectly through a controlled change in the dampers' properties.
Compared with the passive system, active suspensions can offer high quality performance over a varied frequency range [3] , [4] . Simultaneously, the control algorithms of active suspension systems have been introduced in a wide range from primarily linear quadratic regulator (LQR) controllers to smart and intelligent controllers based on new findings of computational intelligence.
In order to improve the performance of active suspension systems, numerous research investigations have been achieved on the design and control of active suspension system algorithm in the last three decades. For example, optimal control [5] , adaptive control [6] , [7] , model reference adaptive control [8] , H ∞ [9] , LQG control [10] , fuzzy control [11] , and sliding mode control strategy [12] , [13] , feedback controller [14] and the references therein, have been employed in active suspension systems.
The main contribution of this paper is to enhance the ride comfort and vehicle stability through using the SMC control algorithm depends on the ideal sky-hook reference model to calculate the variable actuator force. The rest of this paper is organized as follows: an active vehicle suspension based on the quarter model and the dynamic equations of motion are explained in the next section while the description of the SMC control algorithm is provided in section III. Section VI introduces the effectiveness of the proposed controller that illustrated by simulation results. Finally, the conclusion is given in section V.
II. QUARTER VEHICLE MODEL
The two-degree-of-freedom (2DOF) system that represents the quarter vehicle suspension model is illustrated in Fig. 1 
The proposed active suspension system can be represented in the state space form as follows:
where, 
III. SLIDING MODE CONTROL ALGORITHM
The SMC algorithm applied in this paper depends on the ideal sky-hook system, Fig. 2 , as a reference model [16] . As can be seen from this figure, the tyre flexibility has been ignored for simplicity, since the tyre is much harder than the suspension spring. The displacement of the lower mass of the reference system is then taken to be similar to w x , the displacement of the unsprung mass of the actual system. Hence, the equation of motion of the reference system is given by:
The major advantages of employing this control technique are that the system can be designed to be robust with respect to modeling imprecision, and it can be synthesized for the linear and nonlinear active system. In this study, the model reference design approach is chosen. Therefore, a good reference needs to be considered. In practice, the vehicle mass varies with the loading conditions such as the number of riding persons and payloads. Therefore, we consider that parameter perturbations of the sprung mass exist in the system. The possible bound of the mass can be assumed as follows:
where, m bo represents the nominal mass and ∆m b is the uncertain mass. The uncertainty ratio 0.2 is selected here for the purpose of application.
The sliding surface is defined as:
where  is a constant and Further, the error between the estimated nominal value and the real value is assumed to be bounded by known  : The objective of the model reference approach is to develop a control algorithm which forces the plant to follow the dynamics of an ideal model. In order to ensure the state will move toward and reach the sliding surface, a sliding condition must be defined. The sliding condition is considered as in ref. [16] SS S  
where  is a positive constant. It constrains trajectories to point towards the sliding surface. In particular, once on the surface, the system trajectories remain on the surface, i.e.
. 0  S From equations (1) and (5) 
The best approximation o u of a control law that would achieve
In order to satisfy the sliding condition, despite mass uncertainty, a term discontinuous across the surface is added to the expression o u . The desired control force a f can be expressed as
where sgn is the signum function.
Equation ( To avoid the chattering problem, a saturation function could be applied to equation (11) . Then the equation (11) can be written as:
Now, the range of the switching gain K to make the system stable is to be found.
Equation (8) can be interpreted as (14) . 
Equation (14) becomes 
Combining two cases from Equations (17) and (19),
From equation (10) , the right hand side of equation (20) becomes
K  should be bounded by Equation (21) , so it can be expressed to be:
The SMC described above is summarized in Fig. 3 .
IV. RESULTS AND DISCUSSION
Suspension working space (SWS), vertical body acceleration (BA), and tyre deformation (TD) are the three main performance criteria in vehicle suspension design that govern the ride comfort and vehicle stability. Ride comfort is closely related to the BA. To certify good vehicle stability, it is required that the tyre's dynamic deformation ) ( r w x x  should be low [17] . The structural characteristics of the vehicle also constrain the amount of 
A. Time Domain Analysis
This section studies suspension performance for two cases of vibration control; passive suspension and active damped suspension using the proposed SMC. The abovementioned performance criteria are used to quantify the relative performance of these control methods. Since the passive suspension is used as a base-line for comparisons. The value of s c is selected depends on the median-sized automotive applications [15] .
A well-known real-world road bump is used in this section to reflect the transient response characteristics which defined by [18] as:
where a is the half of the bump amplitude, [18] .
The time history of the suspension system response under road bump disturbance excitation is shown in Fig.  4 . The displacement of the road input signal is shown in Fig. 4(a) and the SWS, BA, and TD responses are given in Figs. 4 (b, c, and d) respectively. The latter figures show the comparison between the controlled active using SMC controller and the passive suspension systems. From these results it is clearly seen that the SMC controlled active suspension system can dissipate the energy due to bump excitation very well, cut down the settling time, and improve both the ride comfort and vehicle stability. Also, Fig. 4 shows that the proposed active suspension controlled using the SMC have the lowest peaks for the SWS, BA, and TD, demonstrating their effectiveness at improving the ride comfort and vehicle stability. The controlled system using SMC controller can reduce maximum peak-to-peak of SWS, BA, and TD by 15.9 %, 46.4 % and 57.2 %, respectively, compared with the passive suspension system. Figure 5 shows the improvement percentage of PTP for the active suspension controlled using the SMC compared to the passive suspension system. The results confirm that the active vehicle suspension system controlled using SMC offers a superior performance.
B. Frequency Domain Analysis
Road irregularities are the main source of disturbance that causes unwanted vehicle body vibrations. These irregularities are usually randomly distributed. The random nature of the road irregularities is due to construction tolerances, wear and environmental action. The road surface irregularities have naturally been described as a white noise random road profile defined by [18] as:
where n W is white noise with intensity V   , as in [18] . In order to improve the ride comfort, it is important to isolate the vehicle body from the road disturbances and to decrease the resonance peak of the body mass around 1 Hz which is known to be a sensitive frequency to the human body [19] . Moreover, in order to improve the vehicle stability, it is important to keep the tyre in contact with the road surface and therefore to decrease the resonance peak around 10 Hz, which is the resonance frequency of the wheel [19] . In view of these considerations, the results obtained for the excitation described by equation (24) are presented in the frequency domain. [20] . It is evident that the lowest resonance peaks for body and wheel can be achieved using the proposed SMC controller. According to these figures, just like for the bump excitation, the controlled system using SMC controller can dissipate the energy due to road excitation very well and improve both the ride comfort and vehicle stability.
In the case of random excitation, it is the root mean square (RMS) values of the SWS, BA, and TD, rather than their peak-to-peak values, that are relevant. The controlled system using SMC controller has the lowest levels of RMS values for the SWS, BA, and TD. SMC controller can reduce maximum RMS values of SWS, BA, and TD by 33.1 %, 27.9 and 44.5 %, respectively, compared with the passive suspension system. Figure 7 shows the improvement percentage of RMS for the active suspension controlled using the SMC compared to the passive suspension system. The results again confirm that the semi-active vehicle suspension system controlled using SMC controller can give a superior response in terms of ride comfort and vehicle stability. 
C. Uncertainity Analysis
In order to prove the robustness of the proposed SMC for vibration control of vehicle active suspension, the sprung mass is increased by 30%, the suspension spring constant is reduced by 20%, and also, the damping coefficient of the passive damper is reduced by 20%. In this test, the road displacement was simulated as a bandlimited Gaussian white-noise signal which was band limited to the range 0-3 Hz; this frequency range is appropriate for automotive applications and previous published work used a similar range (0.4-3 Hz such as in reference [21] ), with 0.02m amplitude, as in reference [21] , this random road is shown in Fig. 8 (a) . The zoomed responses of SWS, BA, and TD are shown in Fig. 8 (b, c,  and d) , respectively. Similar to the above results, the proposed SMC still offer a significant improvement under the existence of parameter uncertainty. 
V. CONCLUSION
In this paper, a sliding mode controller (SMC) is applied as an effective control technique for active vehicle suspension system to improve the ride comfort and road holding. A mathematical model of an active damped quarter-vehicle suspension system was derived and simulated using Matlab/Simulink software. The proposed controller is applied to force the system to emulate the performance of an ideal reference system depends on the ideal sky-hook system behavior. The system performance generated by the proposed SMC algorithm is compared with the passive suspension system. System performance criteria were assessed in time and frequency domains in order to prove the suspension efficiency under bump and random road excitations. Theoretical results showed that the SMC controller potentially offers a significantly superior ride comfort and road holding over the passive suspension system. Under the presence of parameter uncertainties due to the increased of the sprung mass and depreciated suspension stiffness and damping, desired performance is still achieved for the proposed SMC.
